The superheating behaviour of embedded particles induced by semicoherent interfaces has been observed in many circumstances. In this paper, a phenomenological model for melt nucleation on misfit dislocations at a semicoherent interface is proposed. A kinetic limit for semicoherent-interface-induced superheating, which is in good agreement with the results of experiments and computer simulations, is derived from this model. Calculations and analyses based on the model reveal that melting prefers to initiate at the semicoherent interface and that superheating of embedded particles is possible for a melt nucleation contact angle less than 90
Introduction
Melting of solids usually occurs at a critical temperature, namely the equilibrium melting point T 0 , or below. It is, practically, difficult to prevent a solid from melting at temperatures above T 0 ; that is, superheating of a solid is seldom observed because the energy barrier for melting at surfaces is extremely small [1, 2] . Provided that surface melting can be suppressed, superheating to temperatures above T 0 is feasible. The upper limit of superheating has been estimated in terms of various thermodynamic and kinetic models as well as computer simulations in surface-free perfect crystals [3] [4] [5] [6] . However, in most experiments, superheating of solids was achieved by epitaxial confinement of the solids with semicoherent interfaces, in which heterogeneous nucleation of melting at surfaces and interfaces is effectively suppressed. This type of semicoherent-interface-induced superheating has been frequently obtained in particle-matrix systems, for example embedded solid particles in a high-melting-point matrix with an epitaxial (semicoherent) particle-matrix interface [7] [8] [9] [10] [11] [12] . Superheating of Pb thin films confined *Corresponding author. Email: lu@imr.ac.cn epitaxially in Al was obtained by Zhang et al. [13] . Although formation of semicoherent interfaces is believed to be essential for obtaining superheating [2] , the physical details are as yet not clear. For instance, is there a limit for semicoherent-interface-induced superheating and what are the key parameters dominating it?
A thermodynamic model was developed by Couchman and Jesser [14, 15] to describe the melting temperature for embedded particles under such confinement:
where T m (D) is the size-dependent melting temperature, D is the particle size, T 0 is the bulk equilibrium melting point, ÁH m is the melting enthalpy, sl is the solid-liquid interfacial free energy and is the contact angle for melt nucleation on the matrix. Although this relation has been successfully applied in modelling many experimental results reported in the literature [8] [9] [10] , the melting kinetics of the embedded particles are not fully understood. In addition, several key problems related to this thermodynamic model are to be addressed. For example, in terms of equation (1), superheating is only possible when >90 . However, this is not the case for Ag particles embedded in an Ni matrix with % 89 , in which a substantial superheating of 70 K has been observed experimentally [10, 16] . Moreover, following equation (1), one may obtain an unrealistically high superheating when the particle size tends to the atomic size, which may even exceed the superheating limits for surface-free perfect crystals proposed previously [3] [4] [5] [6] . In other words, the thermodynamic model (equation (1)) does not predict a superheating limit for embedded particles with semicoherent interfaces.
To clarify these problems, one needs to investigate the melting kinetics with special consideration of interfacial structures in which misfit dislocations play a crucial role. The objective of this work is to investigate the melting nucleation kinetics on misfit dislocations at semicoherent interfaces and to explore the key factors dominating the superheating in particle-matrix systems with semicoherent interfaces.
It is well known that dislocations can act as heterogeneous sites for nucleation of precipitates in solids. Cahn [17] has proposed a model to estimate the effectiveness of a dislocation to catalyse such nucleation. Huang et al. [18] showed by computer simulations that the nucleation barrier for the liquid is much smaller near the dislocation cores than inside the bulk, and melting is initiated systematically around the dislocation cores in copper. For a semicoherent interface, the disregistry is periodically taken up by misfit dislocations [19] . Similarly, we assume that the misfit dislocations at the semicoherent interfaces can act as heterogeneous sites for melt nucleation. In this study, we utilize a simplified model, namely a semicoherent interface in a semi-infinite system, to analyse the effectiveness of misfit dislocations in catalysing melting. The semi-infinite model was applied to the particle-matrix systems where semicoherent-interface-induced superheating was observed experimentally.
Model
As seen in figure 1a, we first consider a semi-infinite system; that is, the low-meltingpoint solid (s) is semi-infinite with an interface at one side only. The interface between the solid and the high-melting-point matrix (m) is semicoherent. Melting of the solid nucleates by forming a melt nucleus at the misfit dislocation. The melt nucleus lies along the core of the misfit dislocation, and its cross-section perpendicular to the dislocation line is spherically curved (figure 1b). The total free energy change ÁF c for forming such a nucleus consists of three terms: a strain energy term F s , an interface energy term F i and a volume energy term F v . The terms F s and F v favour nucleation while F i opposes it. These terms depend on the nucleus radius (r) in such a manner that a minimum of the total free-energy change will exist at small values of r (curve A in figure 1c ), which is a subcritical metastable nucleus along the dislocation line and will be taken as the starting point for nucleation. Its radius r 0 , is given by the minimum in the free energy per unit length [17] ; Letting @ðÁF c Þ=@r ¼ 0, when the parameter ¼ 8Af = 2 sl ½2 À sinð2Þ 2 < 1, a minimum in ÁF c occurs at
In this case, there is a barrier to the growth of the melt. A fluctuation that thickens the nucleus requires energy; while beyond a certain size, continued growth will result again in a lowering of energy (curve A in figure 1c) . The maximum of energy that must be supplied (the free energy of the critical nucleus) depends on the shape and length along the dislocation where the fluctuation occurs.
If the shape of the nucleus is given by the radius r(z), which is a function of the distance z along the dislocation line, the free energy of forming a nucleus is then given by
where r 0 ¼ dr=dz. The nucleus is at a saddle point in ÁF that is, ÁF is a minimum and a maximum respectively in energy with respect to changes in shape and size. To determine the shape of the nucleus and its size, the Euler-Lagrange equation [21] is applied to this integral. With mathematical calculations as described by Cahn [17] , the critical free energy to form a melt nucleus on a misfit dislocation is obtained as
where y ¼ r/r 0 À 1, 2 ¼ 1 À , " is determined by q(") ¼ 1, and
Plotting ÁF * as a function of (figure 2), one may see that ÁF * decreases with increase in ; that is, the misfit dislocation with larger is more effective in catalysing melt nucleation. This means, for instance, that misfit dislocations with larger Burgers vectors or greater shear modulus are more effective in catalysing melt nucleation, and a lower superheating will be obtained.
From the above analyses, if ¼ 8A f = 2 sl ½2 À sinð2Þ 2 > 1, it is evident that there will be no energy barrier for the continued growth of the melt nucleus along the dislocation line (curve B in figure 1c) . Hence the condition ¼ 1 provides a critical superheating limit for heterogeneous melt nucleation on misfit dislocations at the interface (ÁT When the temperature T > T 0 þ ÁT in m , the misfit dislocations are so effective that no energy barrier for melt nucleation exists, analogous to that at a free surface; hence melting of the solid sets in.
Experimentally, semicoherent-interface-induced superheating is usually obtained in particle-matrix systems, with nanoparticles embedded in a matrix with semicoherent particle-matrix interfaces. Indeed, the superheating limit derived from the above analysis is also applicable for particle-matrix systems. Taking into account the change in strain energy density due to the volume change upon melting, equation (5) is rewritten as the following equation, setting the upper superheating limit for melt nucleation on misfit dislocations for particle-matrix systems:
where ÁE ¼ 18G m K s 2 =ð3K s þ 4G m Þ is the change in strain energy density due to the volume change upon melting [9] , K s is the bulk modulus of the solid particle and ¼ ÁV=3 is the hydrostatic strain associated with ÁV, the fractional volume change upon melting. From the classic thermodynamic consideration (equation (1)), it is seen that the superheating temperature of embedded particles with semicoherent interfaces increases infinitely with decreasing particles size. However, our model predicts a size-independent superheating limit for semicoherent-interface-induced superheating; that is, there is a maximum melting temperature for embedded particles with semicoherent interfaces despite their small sizes. (4) in the text. The unit of the y axis is ½2Àsinð2Þ 3
Similarly, the superheating limit ÁT la m for melt nucleation on lattice dislocations within the solid can be obtained, as analysed by Ma and Li [22] , in the form
where
Calculation of the results and discussion
With the available data on sl for Ag [23] , Pb [24] and In [25] , and other necessary parameters [26] , the superheating limits ÁT in m for various systems are plotted as a function of the contact angle in figures 3a and 3b, calculated in terms of equations (5) and (6) respectively. The superheating limit ÁT la m for melt nucleation on lattice dislocations within the corresponding solid particle (calculated by equation (7)) is also illustrated in figure 3b. For each of the five particle-matrix for all values of , indicating that misfit dislocations at the interface are more effective in catalysing melt nucleation than lattice dislocations within the particle; that is, melting prefers to nucleate at the semicoherent interface with misfit dislocations, even if lattice dislocations exist.
Equation (1) implies that superheating of embedded particles is possible only when is larger than 90
, if the ÁE effect is not considered. However, as seen in figure 3a, superheating is possible even for <90
according to the present model. In other words, the kinetic melting temperature can be higher than the thermodynamic melting temperature for <90 in particle-matrix systems with semicoherent interfaces.
As mentioned in the introduction of this paper, the thermodynamic model cannot explain the superheating in the Ag-Ni system with <90 [10, 16] . Using the measured (89 ), the present model yields a superheating limit of 104 K for Ag, which agrees well with the simulated superheating (100 K) by Xu et al. [16] and is reasonably consistent with the maximum superheating measured experimentally (70 K) by Zhong et al. [10] . Similar comparisons made for other available systems also show good consistency between the theory and experimental data, as listed in table 1. Meanwhile, the corresponding ÁT la m and the kinetic superheating limit based on homogeneous melt nucleation ÁT K m [6] are also given in table 1. Both of these are higher than ÁT in m , indicating that melting prefers to initiate at the particle-matrix interface, in accordance with computer simulations [16] and experimental observations [27] .
From the above analyses, it is known that the superheating induced by semicoherent interfaces is related to such parameters as , sl , ÁH m , G s , b s , s , G m , b m and m . For a solid coated by different matrices, the matrix-related parameters , G m , b m and m will determine the superheating behaviour of the solid. As seen in figure 3, the superheating limit ÁT (6), ÁE depends on G m of the matrix. Therefore, it is concluded that and G m are important for substantial superheating of the embedded particles; for example, [10] , 100 [16] in order to increase the superheating of the particle, the most effective way is to choose a matrix with larger and/or G m .
Summary
In summary, a phenomenological model for melt nucleation on misfit dislocations at the semicoherent interface has been proposed for exploring the melting kinetics of semicoherent-interface-induced superheating. From the present model, a kinetic limit was obtained for semicoherent-interface-induced superheating, which agrees well with computer simulations and experimental results for embedded particles. Calculations and analyses based on the present model revealed that the misfit dislocations at the interface are more effective in catalysing melt nucleation than lattice dislocations within the particle, suggesting that melting prefers to initiate at the semicoherent interface. It is also indicated by the present model that superheating of embedded particles is possible even for a melt contact angle less than 90 . Among the matrix-dependent parameters, the contact angle and the shear modulus G m of the matrix are found to play a dominant role in determining the superheating behaviour of embedded particles.
